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Despite being essential for proper cell division, the
mechanisms governing centrosome duplication are
incompletely understood and represent an important
open question in cell biology. Formation of a new
centriole next to each existing one is critical for
centrosome duplication. In Caenorhabditis elegans
embryos, the proteins SPD-2, ZYG-1, SAS-6, SAS-
5, and SAS-4 are essential for centriole formation,
but the mechanisms underlying their requirement
remain unclear. Here, we demonstrate that the
kinase ZYG-1 phosphorylates the coiled-coil protein
SAS-6 at serine 123 in vitro. Importantly, we show
that this phosphorylation event is crucial for centriole
formation in vivo. Furthermore, we establish that
such phosphorylation ensures the maintenance of
SAS-6 at the emerging centriole. Overall, our findings
establish that phosphorylation of the evolutionarily
conserved protein SAS-6 is critical for centriole
formation and thus for faithful cell division.
INTRODUCTION
The centrosome is the major microtubule organizing center
(MTOC) of animal cells and comprises two centrioles surrounded
by pericentriolar material (PCM) (reviewed by Azimzadeh and
Bornens, 2007). Centrioles and the related basal bodies are
microtubule-based structures that comprise nine microtubule
blades arranged in a radial symmetric fashion. Centrioles recruit
and organize the PCM from which most microtubules are nucle-
ated. Duplication of the centrosome occurs once per cell cycle
and the two resulting centrosomes assemble a bipolar spindle
duringmitosis. Formation of a new centriole next to each existing
one is essential for centrosome duplication, but the mechanisms
governing this process are incompletely understood.
Time-resolved electron tomography in C. elegans embryos
revealed that centriole formation begins with the assembly of
a central tube, onto which microtubules are then added (Pelletier
et al., 2006). The central tube is thought to be related to the cart-
wheel that is apparent at the onset of centriole or basal body
formation in other species and that appears to impart the
9-fold radial symmetry (reviewed by Alvey, 1986; Strnad and
Go¨nczy, 2008). Forward genetic and functional genomic
screens identified five proteins essential for centriole formation900 Developmental Cell 17, 900–907, December 15, 2009 ª2009 Elsin C. elegans: the kinase ZYG-1 (O’Connell et al., 2001) and the
coiled-coil proteins SPD-2 (Kemp et al., 2004; Pelletier et al.,
2004), SAS-6 (Dammermann et al., 2004; Leidel et al., 2005),
SAS-5 (Dammermann et al., 2004; Delattre et al., 2004), and
SAS-4 (Kirkham et al., 2003; Leidel and Go¨nczy, 2003). Molec-
ular epistatic experiments indicate that SPD-2 is required for
the centriolar localization of the four other proteins, whereas
ZYG-1 is needed for centriolar SAS-6 and SAS-5. SAS-6 and
SAS-5 physically interact and are themselves essential for
SAS-4 loading onto centrioles (Delattre et al., 2006; Pelletier
et al., 2006) and subsequent microtubule addition (Dammer-
mann et al., 2008; Delattre et al., 2006).
TheZYG-1 relatedPolo-like kinase 4 (Plk4, also knownasSAK)
is necessary for centriole formation in human cells (Habedanck
et al., 2005) and Drosophila melanogaster (Bettencourt-Dias
et al., 2005). Moreover, Plk4 overexpression induces formation
of multiple new centrioles in human cells (Kleylein-Sohn et al.,
2007), aswell as amplification anddenovo formationof centrioles
in D. melanogaster (Basto et al., 2008; Peel et al., 2007;
Rodrigues-Martins et al., 2007b). Although these studies estab-
lished that ZYG-1/Plk4 is crucial for regulating centriole forma-
tion, the underlyingmechanisms have not been identified to date.
Proteins of the SAS-6 family are invariably present in organ-
isms with centrioles or basal bodies and are essential for their
formation (Culver et al., 2009; Dammermann et al., 2004; Leidel
et al., 2005; Nakazawa et al., 2007; Peel et al., 2007; Ro-
drigues-Martins et al., 2007a; Strnad et al., 2007; Yabe et al.,
2007). Chlamydomonas reinhardtii and Tetrahymena thermo-
phila SAS-6 homologs localize to the cartwheel (Culver et al.,
2009; Kilburn et al., 2007; Nakazawa et al., 2007), and the human
protein likewise localizes to the proximal part of the new centriole
(Kleylein-Sohn et al., 2007; Strnad et al., 2007). Suggestively, in
addition, SAS-6 centriolar recruitment proceeds in parallel with
elongation of the central tube in C. elegans (Dammermann
et al., 2008). Together, these observations indicate that proteins
of the SAS-6 family play a fundamental role in an early stage of
centriole formation across evolution, but how they are regulated
to perform this function is not known.RESULTS
SAS-6 Is Phosphorylated by ZYG-1 at Serine 123 In Vitro
We set out to investigate the possibility that C. elegans SAS-6 is
phosphorylated and thereby modulated by ZYG-1. First, we
addressed whether SAS-6 is a phosphoprotein. As shown in
Figure 1A, we found a shift in the mobility of SAS-6 byevier Inc.
Figure 1. ZYG-1 Phosophorylates SAS-6 In Vitro and In Vivo
(A) Wild-typeC. elegans embryonic extracts untreated () or treated with Calf Intestine Phosphatase (CIP), and analyzed by western blot using SAS-6 antibodies.
Arrowheads: SAS-6 species.
(B) Embryonic extracts of indicated genotypes analyzed by 2D western blot using SAS-6 antibodies. For all 2D gels, separation according to isoelectric focusing
point is horizontal (positive pole on the left). Arrowhead: negatively charged SAS-6 species present in wild-type.
(C) Lysates prepared from HEK293T cells transfected with pCMV (), pCMV-Flag-ZYG-1 wild-type (WT), or pCMV-Flag-ZYG-1 kinase-dead (KD) constructs,
immunoprecipitated with Flag antibodies and incubated with SAS-6 in the presence of [g-32P] ATP. Autoradiograph of the SDS-PAGE gel shows autophosphory-
lated ZYG-1 and phosphorylated SAS-6 (arrowhead). Lower panels show corresponding Flag-ZYG-1 proteins immunoprecipitated and analyzed by western blot
using Flag antibodies, as well as SAS-6 stained by SimplyBlue Safe.
(D) SAS-6 fragments: SAS-6[N] (aa 1–172), SAS-6[M] (aa 259–437), SAS-6[C] (aa 327–492), and S123 phosphorylation site identified by mass spectrometry in the
phospho-peptide spanning aa 119–141.
(E and F) In vitro kinase assays conducted as in (C) with Flag-ZYG-1 (WT) and His-tagged fragments of SAS-6 (E) or an S123A mutant of SAS-6[N] (F). Quanti-
fication of signal intensities indicates that phosphorylation of SAS-6[N] is4x more efficient than that of SAS-6[C] and 12x more efficient than that of SAS-6[M]
(E), whereas that of SAS-6[N]WT is 3x more efficient than that of SAS-6[N]S123A (F) (values corrected for protein levels). Lower panels show SAS-6 fragments
stained by SimplyBlue Safe; stars denote a contaminant present in all fractions immunoprecipitated with Flag antibodies.
(G) Top: Western blot analysis of SAS-6[N] untreated () or in vitro phosphorylated by Flag-ZYG-1 (WT), and detected using phospho-S123 (P-S123) antibodies,
which recognize phosphorylated SAS-6[N] (open arrowhead) 20x more efficiently than unmodified SAS-6[N] (filled arrowhead). The lower panel shows corre-
sponding SAS-6 [N] fragments analyzed by western blot using SAS-6 antibodies.
(H) Top:Western blot analysis of SAS-6[N]WT or SAS-6[N]S123A incubated with Flag-ZYG-1 (WT) in the presence of ATP, and detected using P-S123 antibodies.
Note that the aa substitution abolished the signal detected by P-S123 and the band shift of SAS-6[N] (open arrowhead). The lower panel shows corresponding
SAS-6[N] proteins analyzed by western blot using SAS-6 antibodies.
(I) Embryonic extracts of indicated genotypes analyzed by 2D western blot using P-S123 antibodies (top panels) or SAS-6 antibodies (bottom panels). Open
arrowhead: negatively charged SAS-6 species weakly recognized by P-S123; filled arrowhead: subset of major SAS-6 species recognized by P-S123.
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wild-type embryonic extracts with Calf Intestine Phosphatase
(CIP), indicating that SAS-6 is a phosphoprotein. We then per-
formed two-dimensional (2D) western blot analysis and
observed several SAS-6 species in wild-type embryonic extracts
(Figure 1B), including a group of negatively charged species (Fig-
ure 1B, arrowhead). All these species are phosphorylated (see
Figure S1A available online) and are markedly diminished in
sas-6(RNAi) embryonic extracts, indicating specificity (Fig-
ure 1B). Interestingly, the group of most negatively charged
SAS-6 species present in the wild-type was absent in zyg-1(b1)
mutant embryonic extracts (Figure 1B). The same was true in
spd-2(RNAi) embryonic extracts (Figure 1B), in line with the
fact that SPD-2 acts upstream of ZYG-1 during centriole forma-
tion (Delattre et al., 2006; Pelletier et al., 2006). Overall, we
conclude that SAS-6 is phosphorylated in a ZYG-1-dependent
manner in vivo.
Next, we conducted in vitro kinase assays to address whether
ZYG-1 directly phosphorylates SAS-6. As shown in Figure 1C,
we found that wild-type ZYG-1, but not kinase-dead ZYG-1,
phosphorylated SAS-6 in vitro. We generated three SAS-6 frag-
ments (Figure 1D), and found that the one spanning amino acids
(aa) 1–172 (SAS-6[N]) was most efficiently phosphorylated by
ZYG-1 (Figure 1E). We subjected phosphorylated SAS-6[N] to
mass spectrometry and identified serine 123 (S123) as the sole
phosphorylated residue in this fragment (Figure 1D). This aa
is conserved in C. briggsae and C. remanei, but lies outside
the evolutionarily conserved PISA motif (Leidel et al., 2005),
hindering identification of a related residue beyond nematodes.
To ascertain whether S123 is responsible for phosphorylation
of SAS-6[N] by ZYG-1, we generated a nonphosphorylatable
SAS-6[N]S123A mutant, and found that this aa substitution
significantly dampened phosphorylation by ZYG-1 (Figure 1F).
Together, these findings indicate that S123 is the major site on
SAS-6 phosphorylated by ZYG-1 in vitro.
SAS-6 Is Phosphorylated in a ZYG-1-Dependent Manner
at Serine 123 In Vivo
To address whether S123 phosphorylation also occurs in vivo,
we raised antibodies against phospho-S123 (P-S123). These
antibodies specifically recognized SAS-6[N] phosphorylated by
ZYG-1 (Figure 1G), but not SAS-6[N]S123A incubated with
ZYG-1 (Figure 1H), attesting to their specificity for P-S123. In
2Dwestern blot analysis, P-S123 antibodies recognized a subset
of SAS-6 species in wild-type embryonic extracts, including
weakly the group of most negatively charged species; all these
species were absent from zyg-1(b1) embryonic extracts (Fig-
ure 1I). To further investigate whether S123 phosphorylation
occurs in vivo,we generated a transgenic line expressing a fusion
between GFP and a nonphosphorylatable SAS-6 mutant (GFP-
SAS-6[S123A]) and compared it with a transgenic line express-
ing wild-type GFP-SAS-6 (Leidel et al., 2005). Whereas the
pattern observed by 2D gel western blot analysis for GFP-
SAS-6 was similar to that of endogenous SAS-6 (Figure S1E,
compare with Figure 1I), we found that the group of most nega-
tively charged species was absent from GFP-SAS-6[S123A]
embryonic extracts (Figure S1E). Accordingly, this group was
also markedly reduced in the case of GFP-SAS-6 upon ZYG-1
depletion by RNAi (Figure S1E). Together, these findings indicate902 Developmental Cell 17, 900–907, December 15, 2009 ª2009 Elsthat SAS-6 phosphorylation at S123 occurs in a ZYG-1-depen-
dent manner in vivo, and also that S123 phosophorylation allows
additional modifications of SAS-6.Moreover, given that the SAS-
6 species observed after treatment of wild-type embryonic
extracts with CIP differ substantially from those observed in
embryonic extracts in which zyg-1 was inactivated (compare
Figure S1A with Figure 1B and Figure S1B), we conclude that
additional, ZYG-1-independent, phosphorylation events occur
on SAS-6, the nature of which remains to be identified.
Phosphorylation of SAS-6 at S123 Alleviates the
Requirement for ZYG-1 Function
To address the importance of phosphorylation at S123, we
generated a transgenic line expressing a fusion between GFP
and a phosphorylation-mimicking SAS-6 mutant (GFP-SAS-
6[S123D]). We reasoned that if phosphorylation at S123 is impor-
tant for centriole formation, GFP-SAS-6[S123D] should alleviate
the requirement for ZYG-1 function. In zyg-1(RNAi) embryos, the
two paternally contributed centrioles split from one another and
form two functional MTOCs that assemble a bipolar spindle at
the end of the first cell cycle; because new centrioles cannot
form, a monopolar spindle assembles in each blastomere at
the end of the second cell cycle and embryos do not proceed
to the four-cell stage (O’Connell et al., 2001). We subjected
transgenic lines expressing GFP-SAS-6 or GFP-SAS-6[S123D]
to partial zyg-1(RNAi) (with an estimated48%of ZYG-1 protein
left; see Experimental Procedures) and analyzed the resulting
embryos by differential interference contrast (DIC) time-lapse
microscopy. As anticipated, most embryos expressing GFP-
SAS-6 and subjected to partial zyg-1(RNAi) assembled amonop-
olar spindle in each blastomere at the end of the second cell
cycle (Figure 2A) and only rarely proceeded to the four-cell stage
(2%, n = 63; Figure 2C). In stark contrast, the majority of
embryos subjected to partial zyg-1(RNAi) and expressing GFP-
SAS-6[S123D] assembled a bipolar spindle in each blastomere
at the end of the second cell cycle (Figure 2B) and proceeded
to the four-cell stage (78%, n = 88; Figure 2D). Rescue of
bipolar spindle assembly was not due to alterations in ZYG-1
expression or distribution (Figure S2). Similarly, whereas only
5% of embryos from the conditional mutant allele zyg-1(it25)
raised at the semirestrictive temperature of 23.1C proceeded
to the four-cell stage when expressing GFP-SAS-6 (n = 60),
this was the case of 53% of such mutant embryos expressing
GFP-SAS-6[S123D] (n = 30). Accordingly, we found that GFP-
SAS-6[S123D] partially restored viability to a zyg-1(it25) mutant
strain raised at 23.1C (Table S1, available online). GFP-SAS-
6[S123D] did not bypass the requirement for ZYG-1 function,
because upon severe RNAi-mediated depletion (with an esti-
mated 14% of ZYG-1 protein left; see Experimental Proce-
dures), only 20% of embryos expressing GFP-SAS-6[S123D]
progressed to the four-cell stage (n = 38). Compatible with this
view, zyg-1(it25) mutant embryos raised at the restrictive
temperature of 25C expressing GFP-SAS-6[S123D] did not
progress to the four-cell stage (n = 50). Incomplete rescue may
be due to GFP-SAS-6[S123D] being expressed at lower levels
than GFP-SAS-6 and endogenous SAS-6 (Figure S1D) or to
GFP-SAS-6[S123D] mimicking ZYG-1-mediated phosphoryla-
tion of S123 only incompletely. Alternatively, ZYG-1 may phos-
phorylate SAS-6 on other residues or other proteins in addition.evier Inc.
Figure 2. Phosphorylation of SAS-6 at S123 Alleviates the Require-
ment for ZYG-1 Function
(A and B) Images at the end of the second cell cycle from DIC recordings of
embryos expressing GFP-SAS-6 (A) or GFP-SAS-6[S123D] (B) and treated
with partial zyg-1(RNAi). Elapsed time after pronuclear meeting is indicated
inminutes and seconds; arrowheads indicate centrosomes. In this and in other
Figures, anterior is to the left and scale bars are 10 mm.Most embryos express-
ing GFP-SAS-6[S123D] progressed beyond the four-cell stage upon ZYG-1
depletion (data not shown).
(C and D) Quantification of experiments illustrated in (A) and (B). The number
of cells at the end of the second cell cycle is indicated. Shown are the mean
percentages ± SEM from three independent experiments. The difference
between GFP-SAS-6 (n = 63) and GFP-SAS-6[S123D] (n = 88) is statistically
significant (p < 0.001, two-tailed Student’s t test). Results analogous to
GFP-SAS-6 were obtained with GFP-SAS-6[S123A] (n = 49, data not
shown).
(E and F) Images from embryos at the end of the second cell cycle expressing
GFP-SAS-6 (E) or GFP-SAS-6[S123D] (F), treated with partial zyg-1(RNAi), and
stained with antibodies against a-tubulin (green) and SAS-4 (red); DNA is
shown in blue. In this and other Figures, insets show a 2x magnified view
of the signal at one centrosome. Note that >97% of bipolar spindles assem-
bled in embryos expressing GFP-SAS-6[S123D] and subjected to partial
zyg-1(RNAi) were symmetric (n = 186), indicating complete centriole forma-
tion, because incomplete centrioles result in the assembly of an asymmetric
bipolar spindle (Kirkham et al., 2003).
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DevelopmeOverall, we conclude that SAS-6[S123D] lessens the require-
ment for ZYG-1 function in vivo.
We next addressed whether rescue of bipolar spindle
assembly reflects rescue of centriole formation, using antibodies
against the centriolar protein SAS-4 (Kirkham et al., 2003; Leidel
and Go¨nczy, 2003). Consistent with the DIC time-lapse micros-
copy analysis, embryos expressing GFP-SAS-6 and subjected
to partial zyg-1(RNAi) usually harbored only two SAS-4 foci at
the two-cell stage, one per blastomere (Figure 2E), and rarely
the normal number of four (8%, n = 37; Figure 2G). By contrast,
we found that most embryos expressing GFP-SAS-6[S123D]
subjected to partial zyg-1(RNAi) harbored four SAS-4 foci at
the two-cell stage (Figure 2F), with two per blastomere (68%,
n = 21; Figure 2H). Overall, these findings lead us to conclude
that GFP-SAS-6[S123D] can alleviate the requirement for ZYG-
1 in centriole duplication.Phosphorylation of SAS-6 at S123 Partially Alleviates
the Requirement for SPD-2 Function
in Centriole Formation
Given that SPD-2 acts upstream of ZYG-1 during centriole
formation (Delattre et al., 2006; Pelletier et al., 2006) and that
SAS-6 is modified in an SPD-2-dependent manner (see Fig-
ure 1B), we anticipated that GFP-SAS-6[S123D] could also alle-
viate the requirement for SPD-2 function, at least in part. Accord-
ingly, whereas only 4% of embryos expressing GFP-SAS-6
harbored four or more SAS-4 foci upon SPD-2 depletion by
RNAi, this was the case for 25% of embryos expressing
GFP-SAS-6[S123D] (Figure S3). The weaker rescue in spd-
2(RNAi) likely reflects the fact that SPD-2 is also needed for
PCM assembly (Kemp et al., 2004; Pelletier et al., 2004), which
promotes centriole formation (Dammermann et al., 2004). In
contrast with the findings upon ZYG-1 or SPD-2 depletion,
GFP-SAS-6[S123D] could not rescue centriole formation in
sas-5(RNAi) embryos (Figure S4). Furthermore, we found that
both GFP-SAS-6 and GFP-SAS-6[S123D] readily localized to
centrioles in an otherwise wild-type background, whereas they
were invariably absent from centrioles in sas-5(RNAi) embryos
(Figures S5A–S5D). Overall, these findings suggest that whereas
SAS-5 contributes to centriole formation independently of ZYG-
1-mediated phosphorylation of SAS-6, S123 phosphorylation
lessens the requirement for both SPD-2 and ZYG-1.Phosphorylation of SAS-6 at S123 Is Critical
for Centriole Formation
To further investigate the relevance of SAS-6 phosphorylation at
S123, we set out to analyze embryos expressing nonphosphor-
ylatable GFP-SAS-6[S123A]. These experiments required that
endogenous SAS-6 be depleted, since this might otherwise
mask the consequences of the S123A mutation. We obtained
transgenic lines expressing fusion constructs between gfp and(G and H) Quantification of experiments illustrated in (E) and (F). The number of
SAS-4 foci at the end of the second cell cycle is indicated. Shown are the
mean percentages ± SEM from three independent experiments. The differ-
ence between GFP-SAS-6[S123D] (n = 21) and GFP-SAS-6 (n = 37) is statis-
tically significant (p < 0.006, two-tailed Student’s t test). Results analogous to
GFP-SAS-6 were obtained with GFP-SAS-6[S123A] (n = 49, data not shown).
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Figure 3. Phosphorylation of SAS-6 at S123 Is Critical for Centriole
Formation
(A and B) Images at the end of the second cell cycle from DIC recordings of
embryos expressing the RNAi-resistant GFP-SAS-6RR (A) or GFP-SAS-
6RR[S123A] (B) and treated with sas-6(RNAi).
(C and D) Quantification of experiments illustrated in (A) and (B). The number of
cells at the end of the second cell cycle is indicated. Shown are the mean
percentages ± SEM from three independent experiments. The difference
between GFP-SAS-6RR (n = 35) and GFP-SAS-6RR[S123A] (n = 56) is statis-
tically significant (p < 0.01, two-tailed Student’s t test). Note that 100% of sas-
6(RNAi) embryos were rescued by GFP-SAS-6RR in a previous study (Dam-
mermann et al., 2008). The lower rescue found here may stem from more
severe depletion of endogenous SAS-6 and suggests that the GFP tag may
interfere with function.
(E and F) Images from embryos at the end of the second cell cycle expressing
GFP-SAS-6RR (E) or GFP-SAS-6RR[S123A] (F), treated with sas-6(RNAi), and
stained with antibodies against a-tubulin (green), and SAS-4 (red); DNA is
shown in blue.
(G and H) Quantification of experiments illustrated in (E) and (F). The number of
SAS-4 foci at the end of the second cell cycle is indicated. Shown are themean
percentages ± SEM from three independent experiments. The difference
between GFP-SAS-6RR (n = 25) and GFP-SAS-6RR[S123A] (n = 63) is statis-
tically significant (p < 0.005, two-tailed Student’s t test).
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mann et al., 2008) or SAS-6[S123A], which expressed the fusion
proteins at comparable levels (strains GFP-SAS-6RR and GFP-
SAS-6RR[S123A], Figures S5E–S5I). We reasoned that if phos-
phorylation at S123 is important for centriole formation, then
GFP-SAS-6RR[S123A] should exhibit impaired centriole forma-
tion upon depletion of endogenous SAS-6. Analysis by DIC
time-lapse microscopy established that 41% of embryos (n =
63) expressing GFP-SAS-6RR and subjected to sas-6(RNAi)
assembled a bipolar spindle in each blastomere at the end of
the second cell cycle (Figures 3A and 3C). As anticipated,
52% of such embryos harbored four SAS-4 foci, with two per
blastomere (n = 25; Figures 3E and 3G). Therefore, GFP-SAS-
6RR partially rescues centriole formation in sas-6(RNAi) embryos
(see also Dammermann et al., 2008). In stark contrast, none of
the embryos (n = 49) expressingGFP-SAS-6RR[S123A] and sub-
jected to sas-6(RNAi) assembled a bipolar spindle in each blas-
tomere at the end of the second cell cycle (Figures 3B and 3D).
Moreover, only two SAS-4 foci were usually detected in such
embryos, one per blastomere (Figure 3F), and rarely harbored
the normal number of four (2%, n = 63; Figure 3H). Taken
together, these findings indicate that phosphorylation of SAS-6
at S123 is needed for robust centriole formation in vivo.
Phosphorylation of SAS-6 at S123 Ensures
the Maintenance of SAS-6 at Centrioles
We next investigated the mechanisms by which S123 phosphor-
ylation ensures centriole formation. We first tested whether this
regulates formation of the SAS-6/SAS-5 complex (Leidel et al.,
2005), but found that this was not altered in zyg-1(b1) or spd-
2(RNAi) embryonic extracts (data not shown). Second, given
that ZYG-1 promotes centriolar localization of GFP-SAS-6 (Lei-
del et al., 2005), we considered whether S123 phosphorylation
modulates the presence of SAS-6 at centrioles. To obtain a base-
line for these experiments, we revisited the centriolar distribution
of GFP-SAS-6 in the absence of ZYG-1 function utilizing a severe
conditional reduction-of-function mutant, zyg-1(it25) (Kemp
et al., 2007). In an otherwise wild-type background, GFP-SAS-
6was readily detected throughout the cell cycle inmost embryos
(89% during interphase and 95% during mitosis, n = 26 and
n = 82, respectively; Figures 4A and 4C and Table S2). By
contrast, although zyg-1(it25) mutant embryos exhibited a fully
penetrant centrosome duplication defect at 25C (Table S1 and
data not shown; Kemp et al., 2007), GFP-SAS-6 was detectable
at centrioles in 64% of such embryos during interphase, but only
5% during mitosis (n = 28 and n = 63, respectively; Table S2).
Similar results were obtained with zyg-1(it25) mutant embryos
subjected to severe zyg-1(RNAi) (Figure 4B, 4D, and Table S2).
Moreover, we found an analogous bimodal trend for endogenous
SAS-6 (Figures S5J–S5O and Table S2). These findings suggest
that ZYG-1 is partially dispensable for the recruitment of centrio-
lar SAS-6, but critical for its maintenance at centrioles.
We then addressed whether S123 phosphorylation regulates
the recruitment or the maintenance of centriolar SAS-6. Consis-
tent with the observation made in zyg-1(it25) mutant embryos,
both GFP-SAS-6 and GFP-SAS-6[S123D] were detected at
centrioles in most partial zyg-1(RNAi) embryos during interphase
(79% and 80%, n = 29 and n = 20, respectively; Figures 4E
and 4F and Table S2). During mitosis, by contrast, whereas the904 Developmental Cell 17, 900–907, December 15, 2009 ª2009 Elsevier Inc.
Figure 4. Phosphorylation at S123 Promotes the Maintenance of SAS-6 at Centrioles
(A–D) Images from either two-cell stage, otherwise wild-type embryos expressing GFP-SAS-6 (A and C), or from two-cell stage zyg-1(it25) mutant embryos
expressing GFP-SAS-6, subjected to zyg-1(RNAi) (B and D), and stained with antibodies against GFP (red) and a-tubulin (green), with DNA shown in blue. In
(A) and (B), both blastomeres are in interphase; in (C) and (D), both blastomeres are in mitosis.
(E–H) Images from two-cell stage embryos expressing GFP-SAS-6 (E and G) or GFP-SAS-6[S123D] (F and H), treated with partial zyg-1(RNAi), and stained with
antibodies against GFP (red) and a-tubulin (green); DNA is shown in blue. In (E) and (F), both blastomeres are in interphase; in (G) and (H), both blastomeres are
in mitosis. Note that two centrioles splitting from one another are visible in cells during late mitosis (e.g., anterior blastomere on the left in H), as observed in the
wild-type (Kirkham et al., 2003; Leidel and Go¨nczy, 2003).
(I–L) Images from embryos at the end of the second cell cycle expressing GFP-SAS-6RR (I and K) or GFP-SAS-6RR[S123A] (J and L), treatedwith sas-6(RNAi) and
stained with antibodies against GFP (red) and a-tubulin (green); DNA is shown in blue. In (I), the posterior blastomere is in interphase, and the anterior one in
mitosis. In (J), both blastomeres are in interphase; in (K) and (L), both blastomeres are in mitosis.
(M)Workingmodel of centriole formation inC. elegans. SAS-5 forms a complexwith SAS-6 (Leidel et al., 2005) and thus recruits SAS-6 to centrioles (step 1). ZYG-
1 localizes to centrioles and phosphorylates SAS-6 at S123 (step 2). This ensures that SAS-6 is incorporated and maintained in the central tube (step 3). Addition
of microtubules occurs thereafter, in a manner that depends upon SAS-4. It is possible that SAS-5 is incorporated like SAS-6 into the newly forming central tube.
See text for details.
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Phosphorylated SAS-6 Promotes Centriole Formationcentriolar GFP signal was rarely detected in partial zyg-1(RNAi)
embryos expressing GFP-SAS-6 (9%, n = 23; Figure 4G and
Table S2), it was present in most partial zyg-1(RNAi) embryos ex-
pressing GFP-SAS-6[S123D] (93%, n = 44; Figure 4H and
Table S2). In a converse experiment, we found that GFP-SAS-
6RR and GFP-SAS-6RR[S123A] were usually both present at
centrioles during interphase in sas-6(RNAi) embryos (88%
and 95%, n = 16 and n = 22, respectively; Figures 4I and 4J
and Table S2). During mitosis, by contrast, whereas GFP was
clearly present at centrioles in 96% of sas-6(RNAi) embryos ex-
pressing GFP-SAS-6RR (n = 26; Figure 4K and Table S2), this
was the case in only 20% of sas-6(RNAi) embryos expressing
GFP-SAS-6RR[S123A] (n = 20; Figure 4L and Table S2).
Together, these findings indicate that S123 phosphorylation by
ZYG-1 promotes the maintenance of SAS-6 at centrioles.DevelopmeDISCUSSION
Ourwork refines theworkingmodel of centriole formation inC. el-
egans, in particular regarding the contribution of ZYG-1 andSAS-
6 (Figure 4M) (Dammermannet al., 2008;Delattre et al., 2006;Pel-
letier et al., 2006). An initial step leading to centriole formation
entails centriolar recruitment of SAS-6, which occurs in an SAS-
5-dependent manner (Figure 4M, step 1) (Leidel et al., 2005).
Our findings indicate that this recruitment can occur in most
embryosdespite ZYG-1depletion or the absenceof SAS-6phos-
phorylation at S123. Next, ZYG-1 phosphorylates SAS-6 at S123
(Figure 4M, step 2), which ensures that SAS-6 ismaintained in the
central tube (Figure 4M, step 3). Thereafter, SAS-4 promotes the
recruitment of microtubules to the fully formed central tube, thus
completing the process of centriole formation (Figure 4M).ntal Cell 17, 900–907, December 15, 2009 ª2009 Elsevier Inc. 905
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Phosphorylated SAS-6 Promotes Centriole FormationSince ZYG-1 localizes to centrioles just before the initial
recruitment of SAS-6 (Dammermann et al., 2008; Delattre
et al., 2006; Pelletier et al., 2006), we favor a model in which
ZYG-1 phosphorylates SAS-6 in the vicinity of the existing
centriole. However, we cannot exclude the possibility that this
phosphorylation event takes place in the cytoplasm. Although
ZYG-1 has been postulated to be essential for the presence of
SAS-6 at centrioles (Leidel et al., 2005), this conclusion was
based primarily on examining embryos during mitosis. Our
present analysis reveals in addition that the recruitment of
SAS-6 can occur upon ZYG-1 inactivation. Even though we
cannot formally rule out that such initial recruitment reflects
residual ZYG-1 function, we view this as unlikely, notably
because recruitment is observed not only for SAS-6 and
GFP-SAS-6 upon ZYG-1 depletion, but also for GFP-SAS-
6RR[S123A] upon depletion of endogenous SAS-6. Interestingly,
the relationship between ZYG-1 and SAS-6 uncovered here in
C. elegans embryos mirrors that observed between the related
proteins in human cells, where HsSAS-6 is recruited, but not
maintained, at centrioles in cells depleted of Plk4 (Strnad et al.,
2007). This analogous relationship raises the possibility that
phosphorylation of SAS-6 proteins by ZYG-1/Plk4-related
kinases is an evolutionarily conservedmechanism that promotes
centriole formation.
EXPERIMENTAL PROCEDURES
RNA Interference
RNAi-mediated inactivation using bacterial feeding strains was done essen-
tially as described (Delattre et al., 2006). L4 larvae were placed on feeding
plates at 20C. Unless specified otherwise, animals were subjected to partial
zyg-1(RNAi) for 20–25 hr and to spd-2(RNAi) or sas-5(RNAi) for 13–17 hr. For
western blot analysis, inactivation was achieved by placing L4 larvae at 20C
for 24 hr (sas-6) or 36–40 hr (zyg-1 and spd-2). For experiments with the
RNAi-resistant strains, RNAi-mediated inactivation was performed by soaking
(Maeda et al., 2001). Briefly, L4 larvae were placed in a solution containing
in vitro synthesized dsRNAs targeting a portion of sas-6 corresponding to the
engineered RNAi-resistant construct (Dammermann et al., 2008), incubated
for 24 hr at 20C, and allowed to recover for 12 hr at 20C before analysis.
Preparation of Embryonic Extracts and Western Blot Analysis
Embryonic extracts were prepared by bleaching synchronized worms, resus-
pending the embryo pellet in an equal volume of lysis buffer (20 mM Tris-HCl
[pH 7.5], 100 mM NaCl, 5 mM MgCl2, 1 mM EGTA, 1% Triton X-100, 1 mM
DTT, and 1:1000 protease inhibitor cocktail; Sigma), and freezing the pellet
in liquid nitrogen. Frozen embryos were ground using a mortar and pestle
and an equal volume of lysis buffer was added. The sample was spun at
13,000 r.p.m. for 10 min and the supernatant was collected for western blot
analysis. Primary antibodies were 1:200 SAS-6 (rabbit) (Leidel et al., 2005),
1:200 GFP (rabbit, gift from Viesturs Simanis), 1:1000 Flag (mouse, Sigma),
and 1:250 P-S123 (rabbit, this study). P-S123 antibodies were raised against
KAGYH[P]SIADPGK, where [P]S is a phosphorylated serine residue (Eurogen-
tec). HRP-conjugated anti-rabbit and anti-mouse antibodies (Amersham) were
utilized as secondaries at 1:5000. The signal was detected with chemilumines-
cence (Roche or Pierce). P-S123 antibodies did not prove effective at detect-
ing the antigen by immunofluorescence.
2D Gel Analysis
Twenty microliters of embryo pellet was resuspended in 130 ml DeStreak-
Rehydration buffer supplemented with 2.6 ml IPG buffer pH4-7 (all materials
for 2D gel analysis were from Amersham Pharmacia Biotech), and mixed
and vortexed for 15 min. A 7 cm strip of a pH4-7 gel was preincubated with
100 ml DeStreak-Rehydration buffer supplemented with 2 ml IPG buffer pH4-
7 for 2 min. The sample was then loaded onto the strip and incubated at906 Developmental Cell 17, 900–907, December 15, 2009 ª2009 Elsroom temperature (RT) for 7–9 hr. Isoelectric focusing for the first dimension
was achieved overnight using a Protean IEF Cell (Biorad). Thereafter, the gel-
was equilibrated for 20 min at RT with 2.5 ml buffer E (50 mM Tris-HCl [pH 6.8],
6M Urea, 30% glycerol, and 2%SDS) containing 130 mMDTT, and then equil-
ibrated for 20 min with 2.5 ml of buffer E containing 136 mM Iodoacetamide,
before separation by SDS-PAGE for the second dimension.
Kinase Assay and Identification of Phosphorylation Site
HEK293T cells were transfected with pCMV-Flag-ZYG-1WT or kinase-dead
(O’Connell et al., 2001) (gifts from Kevin O’Connell) using Lipofectamine
2000 (Invitrogen). After 40 hr, cells were harvested and treated with lysis buffer
(1% Triton, 20 mM Tris-HCl [pH 7.5], 200 mM NaCl, 1 mM DTT, 5 mM EGTA,
1:1000 protease inhibitor, and 1:200 phosphatase inhibitor cocktail; Sigma),
and the lysates were immunoprecipitated with beads conjugated to Flag anti-
bodies. The beads were washed three times with lysis buffer and twice with
kinase buffer (50 mM Tris-HCl [pH 7.5], 10 mM MgCl2, and 1 mM EGTA).
The beadswere then incubatedwith bacterially expressed SAS-6 or fragments
thereof in 30 ml kinase buffer containing 30 mM ATP and 5 mCi [g-32P] ATP.
Kinase reactions were performed at 30C for 30 min and terminated by adding
15 ml 3x Laemmli SDS sample buffer. Proteins were separated by SDS-PAGE
and stained with SimplyBlue Safe (Invitrogen), and phosphorylation was
visualized by autoradiography. To identify phospho-peptides, the stained
protein band of the phosphorylated SAS-6[N] was excised, digested with
Lys-C endoproteinase, and extracted from the gel. The peptides were subse-
quently desalted and analyzed by Infusion-mass spectrometry on an LTQ
linear ion trap.
Indirect Immunofluorescence
Embryos were fixed and stained essentially as described (Leidel et al., 2005).
Briefly, embryos were fixed in ice-cold methanol for <3 min and blocked in 3%
bovine serum albumin (BSA) for >20 min prior to incubation with primary anti-
bodies overnight at 4C. Primary antibodies were 1:800 SAS-4 (rabbit) (Leidel
and Go¨nczy, 2003), 1:100 SAS-6 (Leidel et al., 2005), 1:250 GFP (rabbit, gift
from Viesturs Simanis), 1:1500 ZYG-1 (rabbit) (Leidel and Go¨nczy, 2003),
and 1:200 a-tubulin (mouse, DM1a, Sigma). Secondary antibodies were goat
anti-mouse coupled to Alexa 488 and goat anti-rabbit coupled to Alexa
568 (Molecular Probes), both used at 1:500. Slides were counterstained with
1 mg/ml Hoechst 33258 (Sigma) to reveal DNA.
Microscopy
Cell cycle progression was monitored by DIC time-lapse microscopy,
recording one image every 5 s at 23C. Indirect immunofluorescence was
imaged on an LSM510 Zeiss confocal microscope. Optical sections were
acquired every 0.25–0.3 mm, and planes containing centrioles were projected
together. A similar procedure was applied for microtubules and DNA. Images
were processed using Adobe Photoshop, preserving relative image intensities
within a series. Quantification of average intensity of the cytoplasmic levels of
GFP-SAS-6RR versus GFP-SAS-6RR[S123A] and ZYG-1 was achieved with
ImageJ. Comparison of ZYG-1 by immunofluorescence in the wild-type and
following RNAi revealed that the specific signal left is 48% after 25 hr of
RNAi (defined as partial RNAi) and14%after 36 hr of RNAi (defined as severe
RNAi) (after subtracting the nonspecific signal remaining following prolonged
RNAi by soaking).
SUPPLEMENTAL DATA
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